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OF LIQUID OZONE AND FLUORINE

By Vearl N. Huff and Sanford Gordon

SUMMARY

Theoretical rocket performance was calculated for JP-4 fuel with
mixtures of ozone and fluorine. The data were estimated by means of a
heat-correction equation using data for JP-4 fuel with mixtures of oxygen
and fluorine. The estimated values were checked with several direct cal-
culetions. The estimated data were based upon equilibrium composition
during expansion, while the directly computed data were obtained for both
equilibrium and frozen composition during expansion.

The meximum value of specific lmpulse was 334.8 pound-seconds per
pound for & combustion-chamber pressure of 600 pounds per square inch
gbsolute and an exlt pressure of 1 atmosphere.

INTRODUCTION

Liquid-fluorine - liguid-ozone mixtures might serve as high-energy
oxidants for rocket propellantse. A mixture of liquid fluorine and liguid
oxygen has been shown to gilve better performance with hydrocarbons than
either 100 percent fluorine or oxygen (ref. 1l). This is due to the pref-
erential burning of fluorine with hydrogen and oxygen with carbon.

The substitution of liquid ozone for ligquid oxygen provides the
sdvantages of greater energy and density. Avallable informstion indi-
cates thet liquid-fluorine - ligquid-ozone mixtures may be stable. If
steble mixtures can be produced, this oxidant might have practical appli-
cation. The performance of fluorine-ozone mixtures on the assumption of
chemical equilibrium during expansion may be obtained from the perform-
ance of fluorine-oxygen mixtures for chemical equilibrium by applying a
simple correction for the increased heat of reaction. A formuls for such
a correction is given in reference 2. The present report gives the spe-
cific impulse of fluorine-ozone mixtures with JP-4 fuel obtained with
this correction equation and compares it with several direct computations.

iy
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CALCULATION OF PERFORMANCE DATA

The performence data presented in this report were calculated by two
methods. The first method estimates performence by means of a heat-
correction equetion. The second method obtalns performence by direct
calculation.

Estimated Performance

Specific-impulse data for fluorine-oxygen mixtures with JP-4 fuel
were corrected for the difference in heat of reaction between oxygen and
ozone to obtain estimated date for fluorine-ozone mixtures with JP-4¢ fuel.
The heat required to convert 1 gram of liquld oxygen at its bolling point .
to liquid ozone at its bolling point is gbout 726 calories per gram (ref.
3). The difference in heat per gram of propellant due to the use of '
ozone instead of oxygen 1ls given by a )

Ah = 726 (1 - x) ¥y (1)

where . x is the weight fraction of fuel in the propellant and y 1is

the weight fraction of ozone in the oxidant. (Symbols are defined in the
appendix.) The specific impulse corrected for this etiergy difference is :
given by : : - -t

12=I§+aAh+bAh2 ' (2)

where . _ —

Te
g = 87.0132 |1 - T
c/l

87.0132 [T 1. 1 ]
o= a8 -
2 <T§>l|: cple  (ople 1

and the subseript 1 indicates the value ¢f the parameters before the
change is made. -Equation (2) 1is derived in reference 2 and is restricted
to the assumption of chemical equilibrium during expansion. A numerical
example of the use of equetion (2) is given in reference 4.

e
1

The value of 726 calories per gram used in equation (1) was obtained
from hest of formation end hest of veporization date in reference 5 and
specific heat deta for ozone calculated from spectroscoplc data of ref-
erence 6. More recent data quoted in reference 7 give a value of 711
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calories per gram. This difference affects specific lmpulse in this
report by less than 0.25 pound-second per pound.

Direct Computation of.Performance

The estimated performmnce data obtained by means of equation (2)
were checked by several direct calculations. The general method used to
obtain directly computed date is described in reference 3.

Assumptions. - The calculations were based on the following usual
assumptions: perfect gas law, adiabatic combustion at constant pressure,
isentropic expansion, no friction, homogeneous mixing, and one-
dimensional flow. The products of combustion were assumed to be graphite
and the following ideal geses: atomlc carbon C, carbon monofluoride CF,
carbon difluoride CFgp, carbon trifluoride CFz, carbon tetrafluoride CFy,
difluoroacetylene CgFp, methene CHy, carbon monoxide CO, carbon dioxilde
COg, atomic fluorine F, fluorine Fp, atomic hydrogen H, hydrogen Hs,
hydrogen fluoride HF, water H30, atomic oxygen O, oxygen Op, and the
hydroxyl radical OH. The combustion products were assumed to be expanded
completely within the exit nozzle, that is, exit pressure equals ambient
pressure. The graphite was assumed to be finely divided and in tempera-
ture and velocity equilibrium with the geses during the flow process.

Thermodynamic date. - The thermodynamic data for sll combustion
products except grephite, methane, the fluorocarbons, and water were
taken from reference 3. Data for graphite were taken from reference 8,
carbon monofluoride from reference 9, the remainder of the fluorocarbons
from reference 10, and webter from reference 1l1. Dgba for methane were
determined by the rigid-rotator - harmonic-oscillator approximetion using
spectroscopic date from reference 6. The base used in this report for
assigning absolute values to enthalpy is the same ss in reference 3.

The dissociation energy of fluorine was taken to be 35.6 kilocalories
per mole, and the heat of sublimation of grasphite at 298.160 K was taken
to be 171.698 kilocalories per mole (ref. 5). The heat of solution of
oxygen and fluorine was taken to be zero.

Viscosity data. - The theoretical viscosities for the gases in this
report were calculated by means of three types of equatlions or estimated.
The viscosity data for CHy, CO, COy, Fp, Hp, and Oy were calculated by
the method of reference 12. The viscosities of C, F, H, HF, O, and OH
were calculated by the method of reference 13, which assumes that the
logarithm of viscosity is a linesr function of the logaerithm of tempera-
ture. The viscosity of Ho0 was obtained by means of a Sutherland equa-

tion (ref. 14). The viscositles of CF, CFp, CFz, CF,, and C.F, were
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teken to be equal to those of CO, COp, CHz, CHy, and CgHp, respectively.

The method used to obtain the viscosities and conductivities of mixtures
of combustion products 1s given in reference 4.

Physical and thermochemical daeta. - The properties of the fuel used
in these calculations are typical of the JP- -4 fuel delivered to this
leboratory over a period of 2 years. The JP-4 fuel was assumed to have
a hydrogen~to-carbon weight regtio of 0.163 (atom ratio of 1.942), a lower -
heat of combustion value of 18,640 Btu per pound, and a specific gravity
of 0.769. Additional properties of Jet fuels may be found in reference
15.

. 2BT¥

Several properties of fluorine and ozone taken from references 3, 5,
7, and 16 are listed in table I. Additional data on ozone maey be found -
in reference 7. :

Method of calculation. - The calculsgtion procedures and the formulas
used are the same as described in reference 4.

Accuracy of results. - The values preféented for enthalpy, entropy,
and specific impulse appear to be computed correctly to all figures tab-
ulated. The temperature and moleculsr weight may in some cases Be in — =~ .
error by a few figures in the last place tabulated. The derivatives may,
in reglons where they ere changing rapldly, be in error by a few percent.
However, because of uncertsintlies in thermodynamic data used, all values
are probably tebulated to more places then are entirely significant.

THEORETICAI. PERFORMANCE DATA
Tables - -

The theoretical specific impulse obtalned by direct calculation and
estimated by means of equation (2) is glven in teble II. The data used
in equation (2) were obtained from results previously computed at this
leboratory both published (refs. 1 and 4) .and unpublished (including spe-
cific heat data for ref. 1). The estimated values of specific impulse
are from 0.2 to 0.8 pound-second per pound lower than the directly cal-
culated values for the five poilnts for which both values were calculated.
It is expected thet the other estimated values given in table IT are in -
error by gbout the seme amount. -

The maximum value of specific impulse is 334.9 pound-seconds per
pound for a combustion-chamber pressure of 600 pounds per squere inch .
absolute and an exit pressure of 1 atmosphere. 3y o e~

The calculated values of performence parameters and combustion prod-
ucts obtained by direct calculations are given in tables IIT to VI,
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The properties of gases in the combustion chamber and the character-
istic velocity are given in table III. The equilibrium values of specific
heat, isentropic exponent, and characterilstic velocity include the energy
of dissociastion. The equilibrium specific heat was calculated by means
of equation (37) in reference 3. The equilibrium isentropic exponent

d 1ln P)
T=

IIns), was computed by means of equation (32) in reference 3.

The frozen values of specific heat, isentropic exponent, and character-
istic velocity do not include the energy of dissociation and are computed
by the conventional formulas (see ref. 17).

Tebles IV and V present the values of performence psrameters and com-
bustion products at assigned temperstures and constant entropy. The
values were computed directly and used to interpolate properties at the
assigned pressure ratios given in teble VI. A discussion of the use of
derivatives such as ny, np, and (AM/OT), i1s given in reference 4. Mole
fractions were computed for all 19 substances considered in this report,
but those substances sre omitted from teble V whose mole fractions are
less than 5x10-6 for all temperatures shown for a given equivalence ratio
r and fluorine-to-oxygen stom ratioc B.

Table VI presents performance datas at various assigned pressure
ratios from 1 to 300. Reference 4 gives an exemple of the use of data at
the low pressure ratios to obtain pressures at the injector face.

Figures

The specific-impulse data of teble II for a pressure ratio of 20.41
are plotted in figure 1. The meximum value of specific impulse is 309.0
at an equlvalence ratio of 1.508 for a fluorine-to-oxygen atom ratio of
1.942. )

Figure 2 presents the meximum value of specific impulse for any per-
cent fluorine in the oxidant. A curve of meximum specific impulse for
oxygen instead of ozone is given for comparison.

The increase in maximum specifilc impulse due to the substitution of
ozone for oxygen is summerized in the following table { combustion-
chamber pressure, 600 Ib/sq in. sbs; exit pressure, 2 atm; pressure ratio,
20.41):
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Fluorine Specific impulse, I, lbfsec/lb Increase in spe-
In oxident,|[Tp 1 fuel plus |JP-4 fuel plus cific impulse, - T
percent by |ejyuorine-oxygen|fluorine-ozone Ib-sec/1b
welght |nixture mixture C -
0] 262.3 284.3 22.0
40 281.7 295.4 13.7 }
70 301.0 309.0 8.0

Figures 3 and 4 present data computed by direct methods. Figure 3
shows specific impulse as8 & function of the logarithm of pressure ratio
for frozen and equilibrium composition during expansion. The equilibrium
values are frow sbout 7 to 12 percent higher than the frozen values.

The specific-impulse exponent ny is also given.

oA}

Figure 4 presents temperature plotted against the logerithm of pres-
sure ratio for frozen and equilibrium composition during expansion. Also
shown is the temperature exponent nq. - 5

SUMMARY OF RESULTS

Rocket performance data are presented for JP-4 fuel with mixtures of
ozone snd fluorine. Specific-impulse data were estimated by means of a
heat-correction equation from data for JP-4 fuel wlth mixbures of oxygen
and fluorine. The estimated data were checked for seversl cases by direct
calculations., The difference in specific :‘impulse between the estimated -
and directly calculated values was from 0.2 to 0.8 pound-second per =
pound. This difference is negllgible for Hany aspplications. : -

1

The meximum specific Impulse for & cowmbustion-charber pressure of
600 pounds per squere inch sbsolute is 309.0 end 334.2 pound-seconds per _
pound for pressure ratlos of 20.41 and 40.83, respectively. : - -

Lewls Flight Propulsion Leboratory - -
Netional Advisory Committee for Aeronautics
Cleveland, Ohlo, November 26, 1956 : C
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APPENDIX - SYMBOLS
nozzle area, sqg in.
coefficient of thrust; Cy = g.I/c* = F/P A
specific heat at constant pressure, (3h/dT)p, cal/(g) (°K)
chearacteristic velocity, 8cPcAt/W: ft/sec
thrust, 1b

gravitational conversion factor, 32.174 (1b mass/lb force)
(£t/sec?)

sum of sensible enthalpy and chemical energy, cal/mole

sum of sensible enthalpy and chemicel energy per unit mass,

zi: ny (B)y

M(T - o, » cal/e

specific impulse, 1b force-sec/lb mass

nyM;
molecular weight, —ij:—az, g/g-mole or lb/lb-mole

derivative of molecular wiight wlth respect to temperature at
constant entropy, (°K)~

mole fraction

specific~-lmpulse exponent for fixed pressure ratio, (g iﬁ P ) /
c/pP./P
c

Qln T

temperature exponent for fixed pressure ratio, Tn D )
¢/p_ /P
c

static pressure (sum of partial pressures), lb/sq in.

partial pressure, lb/sq in.
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R unilversal gas constant (consistent___units) -
r equivelence ratio, ratio of four times the number of carbon atoums
plus the number of hydrogen atoms to two times the nuwmber or

oxygen etoms plus the number of fluorine atoms in propellant,

4(C) + (H : -
2(0) + (F -
S; entropy at pressure of 1 atmosPherg , cal/ (mole) (°x)
3, ni(ST)i 1 Rzpjln(pJ/lé 696)
s entropy per unit mass, l‘ji(l . Dk) i
T temperature, °K o -
W mass-flow rate, 1lb/sec =
X welght fraction of fuel in propellsant
¥y welght fraction of ozone in oxident
& oxidant-to-fuel mole ratio )
B fluorine-to-oxygen atom ratio ; ~
T isentroplc exponent, 9 iﬁ f})s
o] density, lb/cu in. .
Subscripts:
c combustion chamber
e nozzle exit — e
i product of combustion including both gaseous and solid phases
J gaseous product of combustlon
k solid product of combustion (graphite) -
P constant pressure

P / P constant pressure ratio
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1

constant entropy
nozzle throst

reference point
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TABLE I. - PROPERTIES OF OXIDANTS

Properties Fluorine Ozone
Molecular weight, M 38.00 48,00
Density, g/cc 21.54 b1.46

€1.571

Freezing point, °C d4_217.96 €.192.7
Boiling point, ©C d.187.92 | %-110.51
Enthalpy required to convert

liquid at boiling point to

gas at 25° C, keal/mole 3.030 fz.8
Enthalpy of vaporizetion,

keal/mole &1.51 b,.59
Enthalpy of fusion,

keal/mole 10.372

8At -196° C (ref. 16).
bat -1120 ¢ (ref. 7).
€At -183° ¢ (ref. 7).
dRer. 5.

€Ref. 7.

TRef. 3.

8At -187.92° C (ref. 5).
Bt -110.51° ¢ (ref. 5).
1at -217.96° G (vef. 5).
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TABLE II. - THEORETICAL SPECIFIC IMPULSE OF JP-4 FUEL WITH MIXTURES OF LIQUID FLUORINE AND OZONE

{Combustion-chamber pressure, 600 1B/sq in. &bs.]
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TABLE III. - THERMODYNAMIC PROFERTIES OF COMBUSTION GASES FCR JP-4 FUEL AND MIXTURES OF
LIQUID FLUCRINE AND OZOKNE

[Combustion-chamber pressure, 600 1b/sq in. &bs.]

Fluorine-|Fluorine [(Equivalence|Fuel, |Temper-|Molecular|Enthalpy,|Entropy, |Specific |Isentropic|Character-
to-oxygen|in oxidant ,ratlo, percent [ature |weight, h, 8, heant, exponent, [istic
atom percent by T, by T, M cal/g eal Cps e velocity
ratio, welght 4(C) + (H) |welght oK (&) (°K) eal c¥,
p zéog s {F; T2 % £t/eec
Equilibrium composition
(a) (a) (a)
4] 0 1.508 30.70 3831 20.74 3914 2.954 1.887 1.145 6383
.5 37.25 1.508 25,78 4100 20.31 3636 2.903 1.665 1.162 6637
1.0 54,29 1.508 23.30 4329 20.286 3495 2.845 1.485 1.171 6809
1.942 69,75 1.47 20.48 4602 20.62 3318 2.749 1.481 1.169 6964
1.942 69,75 1.50 20,81 4609 20,52 3355 2.758 1.490 1.168 6985
1.942 69.75 1.508 20.89 4608 20,51 3368 2,759 1.494 1.167 6986
Frozen composition
(b) (b) (b)
4] 0 1.508 30.70 2831 20.74 3914 2,954 0.4992 1.238 6198
S 37.25 1.508 25.78 4100 20,31 3636 2.803 4522 1.276 6407
1.0 54,29 1.508 23.30 4329 20.26 3495 2.845 .4290 1.298 6555
1.942 69.75 1.47 20.48 4602 20.62 3318 2.749 4045 1.313 6870
1.942 69.75 1.50 20.81 4609 20.52 3355 2.758 .4069 1.312 6691
1.942 69.75 1.508 20,89 4606 20.51 3359 2,759 4074 1.312 6830

a‘Energy of digsociation included in computation of property valle.
bEnergy of dissociation excluded in computation of property value.

FLESSE W9 VOVN
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LCombustim-chamber pressurs, 800 1b/aq in. abas.]

(a) Bquiliblis composition durlng isentropic expanslon or compression.
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[Combustion-chamber pressure, 600 lb/sq in. aba.l

THEORETICAL ROCEKET PERFCORMANCE AT ASSIGNED TEMPERATURES FOR

(b) Frozea compositlon during isentrople expansion or compression.

JP-4 FUEL WITH MIZTURES OF FLUCRINE AND OZONE

NACA RM ES6K14
TABIE IV. - Concluded.

-~ o ocwow wvkvvo WOHN NONOW O VROV OHOVGN I @HOY MO~ER QN ANOV wonrw o NO®0 wook-n
o o o LRI DI e e e s 0 e n s D) e e s . Y “ s e .. 2 e e CECEE IR .. D) “ e 0
...m ;o T OO0 tvmwa QArY DELON O ONMU NOREY o NVVO aYRON oM Vo0 OVBA®D wm 0otd CVOR®
2ol 3 OVdY torwwn VMO® VOONY 1 HOOM VarhY B ONEONR EEOdM 00 DEDN WEOHN VO OFON WA
AN @manm Ard@ enann M HelN® QEMnM n A QEENN MR ArdQ Qactn A e EeAn
) - K000 HRo®dN TRV MHAHN Q@ MOHN He¥¥wXR 1D VoW NWVON O® MY¥CO Y00 OO oNMY witD
Qo B HDO® Yoo HOM®R VATWA O ¥O0OWw OoNMMO W 000w owMMnN oW HO0OW omMmMME oW MO0V oNMNnE
$g .mnw. VEOR W M- RwNON - WO MOt 400 QMY O OO MMYVO Vi 00 NMwwo
88 Ce e e beee e e b e eeene s s e e i e aa
Coow O wel driviede o o HeddA o @ dd drided o A drddd A o o oA e o o e
— = —
& @ONt aoNtwl~l MOMH YOrHO oo BRHO MYMOW ofd Koo WMo nold] vows wevmn mMu(Z| tooa wrovs
%48, covn owavw|g| WOoHn wrnVe o|F Sone Mt + g| ®com rwowo onla| moom ruand neld| aoom ~naod
olm DY .....m DY v s e e .m CECEaEY e 0. o e LRI Y .. o0 e e LY Y DR DR
unmmu drird Y@oAne Hridd @MYonY 9 Hrrd RMUYR lo| Addd deMOY Da|e] HAddd dRRhneY on §| mvAd denov
gohkSh - @42 qan oa|d An ~|E A Qg A a8 B
T ol & H H g §
] o [~
— &lowront vovan|Elmonca wocno +|E[vnvoe rravoo | Eloovnan NO4¥0 O¥[B-dv0R NANYY OF|y|trdeomn warveo
| slewove MRRHH]Blov0n YMNER o Xet000 Yenee digleoree vevme qd|o|P0c00 vrvme @3] ooro0 nevTnn
Oy O $|e0000 ©0000W (00000 00000 O|a|00000 Y0000 O|¥|00000 00000 00|2|looooo ooccoo oollloccoo cecce
ERtary Ylooovo ©o0oo00|f|coooo ocoooo o|fococooe coooco o g|0o0c0c ococooo go|g|ooboo ooooo oo &|cocco ocdooe
gghe g/oocoe ococooo|nloocoo vooco o|glecooo ocoooo o|f|coococo ocoooo oco|¥|cococoo oocoo ool coece coocoo
Eddss £ R A K% i irSr S A ar S K| il A T e e e e seass e AR m.
ol® m ) L) Sle Rlo o
54 ‘ . .
™ St narev]|D]nvodo wnuro w m o%owo owadw -["loanaow ocorvy oe|T|vdavnn vowwe re|?|novvr wvoww
1 258 |Blrovra wmhuold|ovondn QeHoo ol daddd ononl Ol MNNAO DOvow | llnnado oonos wal!'|lnnerdo gomoe
224388 |T[ooneo voenr|,|erdooa orove Qf¥Medo acvnvy Mfglowene comrn wm[nlonema cownw vm|ulvwena onwivn
23p9de |2 Arieted N w|HH w|HHAEA 1 w[HHEA
A>0HA 2 L Py — N —
H - - 14 2 H
3. u “loonon avwrr|g|vrono vooon w|elovancm comew w|ildunone waane na FoYon0o aoaomy Mdldlowrrio Haomnn
S8 o "mneyw orodv di-toon aormo o Sloacod emvwvw o §lddvan mnvoo owlf|ardan mnvoo oalb|dddee mavon
6 ~ tleeae ceenn|ijiecece annnn | Eleennn mnnan ] Slmmnnn nnann e Blmmman nnnnn el Innmnn nanmn
HErg R IR - N | B £ <] I A -1 il il A F-1 Rt
2R oo gl s AN i A Pleded e ddddd ] ddre S A ] | HAdd e dddde ] e i A
H U~ m - N g g g
£ o
o Slnemon anomel Eleerow aavorn o Elconro trvow o Blnovro wueow oo m tovot MONVN Mol fMNdeR Rowar
bl ™ p|H0OMA durowd Slndodn v o d flawrdtd winen of Bloeond vorde u| lowdrn vavna ol Slonwece ameno
o . QOn@ME VYNAN MDY NHOMY W HGANAHH Sowwn ¢ icdnan oatve mne| locoone wmorwvy mnel.Jococoan mwewow
uuop.m W54444 vevnnl Hevvwvrr vvemn n| Hewwvre vaann n|@[vvmma mmnnn an]@levenn nnnnn an|Slvevnn mnann
e (] (..........ﬁ...........ﬂ...........on............en.................. R
0. . olo o o w|o w|o ﬁ [~}
[ ~ ~ ~1
- "Ivooonw voaomZleomon woomo ol Yornvo Manro o alvonroe owood wolalwoorm Bwaes | vwwoon wrwoo
B w o R P R P IR F { R A 1 IR IR B M AN AN
"N oo ooy Heodho WOdnO o L VYO ODNAM o oM DO WHOYN 00| HNAD®O MOOON wif ‘puwnn ovEvd
- 0000 Qv P noavinn ovHnOD o QuodHn oerad Ol Vfonede owowd od|T[Mvoewa Mraeon AN T|lnevue Momow
B u QO YN OROUY| HPUYRO VNN H H0NHOm VVMERAY Of IMROOE VUYMNHO 0O| ' YRNHAN VEMHO 0@ Flemot VTN RO
8 nRRRN . NARAG alMMRMR QRRAR Q] MRMIR QRN 8 a(MMREE ERERE A o|PPMeN RERAR ddalnmnee eeore
. . QO000% rrvav¥ |0000O rowoww M |ocoom cmmov ¥ |000OO Mworo nw| |[cocoo mownwv ov| [coooco wwwwva
e o ©VVDH VNNl [OYDAY VOVOD N [TRVAR dawto 0| |loawtwo owweo we| |Mebvo Rovwee ol [FRows etnne
ol g Nt OO0 |OVNYM Dynan & ([BMtOr odudd @ [vidvwo caroo Aol |owoaw voweo owm| |avavo woawro
illw.n LI ) LI L A L L R Y DR I ) a6 o0 LI I ) D ) LY DI I I ) LI N I ‘e LI I ) o« v
e A+voln aee QINOMWY Mean Nunoana onamet oV BNODM o HNNYR ~do®Mn o NN ~domn
P-4 ) nnan Q@ mmMoo N YQOon W rHoandn e Hoandm e Hoamdin W ®
v ownH et o R tend e SN
N Obooo ©0000| |[00c00O ©oooco o |ooovoo 00ooo o| |looooo ocoovo ool |[ooococo covoco ool |oococoo ococooo
N 60000 000QO| |[0QOOO O0LOOO O] |0000® ooooo o |oococoo ooooco ool |coooo occocco ool |oocooco oceaco
mnu..mn owvNLY OWNRY |[vownm woure v |vowurod vowne | |ovova ovoovr avl |[wrowve ovowvr ov| |[nvowve ovowa
S ae “nnEe Qoo NN e NN QR NN NN HA TEEMN QN YN QREE
v » < J

JeTE




1 Mt = NOOHO MNevYwnO
i ol mmo o ®owbr VWwowe “
o] coe T movoa wkoool|l! |
[Te] ©| coo o coroOm rYOOO
E | o000 O MOHOC OwOoO0O
e es b esete sesss
o o
m o~-n HOHM MNA VO Crit-0m AR wN VO THOAWY Orlb VN v e O AN
O OANUVUY WOVD o 00 WL AO0OdMN MEOOW O rd VWA €ORO® wiritd o] A0 © VQO @ ©VOrOo
A O mmen omwo« Q] 00 MO MOYWVWO Ovor 0] 00 dHO WOoOOO ©OAO o] ooo © oo O “YRMOoOoOo
C Of === NNt W OO0 GO MOVAY 0000 woloo oo NOWAY O©O0O +| OO O OO I HOOOO
| MOOAdA NOOO w| OO0 A0 AHOOOW 0000 + |00 MmO HOOOWY 00O v} ooo O Moo © owucao
[ caee svaen e e s seees seas “ e e vesss sas cee v ses 5 sesen
o o o o o A o o -]
H
RORO -0 OvYOOO OOV AN OROON d Ve 1 MH NMROVY nn we H o dww ond nwo MY ~ VTN
H O| vown NN Of ARV YH-OdY Ol OVAHND POVYEW O] OO0 O v WM YOVOw O|loco v B wweHd AGN o| oo A0 ® HWOO0O
= o] QHrQ wvaw ol AN NYEEeN ol ocunwnee wonnyg o]l 060 1A B Y@ OovwOod 0|00 O W awvwMm Qoo ©| oo WOR & wrOO0O
| o VAW | nnAdAa ~ondn w| @rnaw odno® | ©0 00O O VWO 0000 +| 00 00 © wvdO ©O0C|_ IO Qo o~ ¥ wwOOO
| Mood KOO0 ¥ MOOQO KRQOOO | MODOO0Q WwOOO0O | o0 mo 4 oQw O0OOo w| 00 MO v OOV QOO0 Jd|¥| OO MnooO O OWNOOoOo
H f A EELRIR AN CECECREY » BN s e ey F e e e D] e . . | e e . e « o0 O LY PRI v e ow e
i “ - - | . < ! g J .
S o "y o £ ) m 3K o o o o _ooo =]
)
(&) TNOO N m TOWwVY ~r~ot-m m NATYAOD® Orit-xoin no 9 + H oAl ¥ DON HdO | £ - Qe ~ no oOAd
H m | O towd Droniw ol vdvun nVaRUlslo| cunoY VhoV® m (] wo o wod wromn}flo o omn © 0or deox|jlo] oo oo® w wa oo
- = O GO E-0'C Of OO OO nn- O TrreT AV o WAt O YOV OOl m o O O M DO .0AQ0 rﬂp 00 ~oMn S o QO
- *l @ odve tmoomn O MO DoAY NO N ntNo® W o HO @ WOW 0000 |eO O O & weivw QOO w| oo NOwT N O OO
m .u m n| nHod N0Q0O0O0 <| MOOOCO ®ROOOCO[{a|¥]| NOOOO wOOOD o ~ no o oow 0O0Cco - O MO O OOoWnw o000 93 [=X=] noo o oOowm oo
- e esens ceeee sese oD P [ £ . P w e s
m H :}s o o o [ 2 000 ] b o o o 3 o ooo © )
" har} gls 2 - ] 2
m m m HOorn YOO ﬁ aLoYnY oOMOON lw MeTno  onnoe m W N donN v x MY A vy A0 i) W O wHO 3
M_. o] olnoaw ..alOM o ANno oD 2ﬁ NBO0: e [~ Of . oo A0i0 Loy o) il (2O Q . Qow O tw .
b P 4] Of MO K- DRAY of i 1_ ; O | Qﬂ folowidcwowo [ of 1) J. 2. Mool Eeem m m _ ER oY .4|4ﬂ.t_. o
= @] enan wood gl e| inovt 'cowon mw.o ‘mngue TwRdo "1 o <+ ®mow o MR O i
3| @ Mo MOOO M| NOOOCO MNAHOOO|VIM| MOOOO WwOOOO|n| M no O oow 000 "n o noo © Ov “
w m - o » o ANE . soo o | |ooo o w | o ocoo o oool &
- =3
°
0w w 14 m MmMod oo | movor Woneo]® Hind~M QDU o V- ® Hdt- OROO Iy WO ® MAR 00w |4 d d o on £
“ L O DOV ¥rirn Q| RVONY VOO \”0 oo wvovon|cl o 0w © AN MVow (¢l o - O QM vl | olO @ O U a0 ©
m “ o| omod AooN[gof w-drio wvaown|glo| vavr-w vorem|H|l o nw o oM OHOO .ﬂ o At ¥ MW OO0 MO ~ O W WO u
21t]| «| ovovr wooo|f«| noowt ncoow Sl ®vonw tvood Bl @ N0 "N HOR 0000 |o|w noO N HOm ©O0O | g™ n O © Ow
m Aln| QR MHod MOOO O.J NOO0O0OOo MHOO0Oo ”-J MOOO0 wOOQOoOo m m no O 00V 0OO0OO0O m_J no O ©o0vw 000 mnﬂ n o © ow ©0
' BN s e “ e « s e e R e e e e I . . .. P e . PR RSEE |5 . . . . e 1
€ |~ o | o 5 o R=1~1~ (=] [~Xel=] (=] oQooo o o o000 =1
\ m a @ st g 2 m = m
: .m m TOoOY~ ¥ @ | YOoadAY DOvwTQiL ~QOV®D MNAOVG “ 4 A WD VAT | o VN W AT woNn o ® v o o
m S [8] o]l nver- m . mlf o] aewer ocwdvdlflo|rvova Amerv]&| o vo + tmo omoo|lsio niw © WMR 00O mo * ~ v wWu g
w F W © O] a~viv W o N O] HROMH WVrXRAO NO NRHOAN HOHOW|al © M~ o0 HOw 0000 (=] N &0 MHAo 00O o a +# a or m
©] vwown © Olog|®W| MOORD® VYOO | g®| RVOIY AVNOOO[, © ®o A oov o©0O0OCO wn [ Mo O oot 00O 5‘ m O o own
= m m. Q| MO M Q @ MOOOO MAHOOO N MOOOO ¢OOoOoOoO [~ ® Mno O 00w 0000 |~® no O 00V 000 |~ n o © oY 4
ol < + |} creee seseem e P I P e e e °
- m o o oo b o « o 0 [-Y-Y-) o | ooo o o oooo00 o o ooo| ™
~ I~ - ©
m <3 ' VIR O~ - |2 AN VOO /&\ VoNV® Ny ate ~ oo [} m own ®» wHam Ly n o ¢ omn 3
al ol vor o O g O] Mmoo vwudedd| lO{®REANQ OAHOA[R] O ¥ 10 OO0 (=] o|o ©w - M 1 0ed o v Q9 Om 8
w ©| VOO0 « oldo|l OHO®® NDOO® O | Ht-OVM OO L o WMo OV OO0 o L L] e M OO Lo a O O o
Ol NWO® o Olv| maoom Mmwocoo| v |®woow awooo « QO W OoOw (=] ~ no © oown (=] mn O © ow “
W[ mron m  olif®| noocoo mdocoo|i1fe|moooco woooo|!]|« no o ocow © ' mo © o0Qv L n o o ov =
se e e ol R P O Y ne e ese . | ce e e @] PR S
[ &) Q oo o i (=] ooo o o oo [~2=1-] L] Qoo 00000 o © o000 M
o
o 0 o G- L) VEHEH aY O o~ © " L 0w @ ~ o o «Qwo &
ol s w o ol av vo 0o +d| |ofowodr O © o owwn w0 - o Ho®m w'!; M o o 00 oo
of ot~ & 0 ol @ v tme o |o|wdodn ar o o Qo @ - o ot Q! © ) o oo oo o
®f @ ® W ol ®a o mv of |ofdvoow aw o o oav o 0 o omo o 0 ) o no ow °
Hl 0@ @ @ @| mo oo mr  of |®|moooo wo o @ ono o © © omo © © ] o mo ow B
— D T e e we . e e 4 . e e . . s a e . . .o .. w0
w o o ooco o o oo ° oo oo co0o o000 oo oo0o ooo coo © [SX=1-] coo| ®
<
w R0 Recin MAVRO METOO DMANDO oUW QR v Qe AT O~ 00 HePMO Ofv : M w MNOOHN OMAHO W
Q |l AR VROoN O mnoaw ngsss AlTTOHA™ VAT ® OO0 MG OOV wWrOW Q|00 MR AOOM wom OVl RRO © QODOW pMOVOMF u
E n| AdOR wrw Q| o W e R | rHOROT cHAQRWVO O] 90 HO HOYYO OWOw O} 00 WO NOKROVD OXHO o] 00 O VWOMOO WVHOOC
ol roOnN TAAHO "l MMoo ot-Ndw N | Arnoe Hednon v| o6 00 NorHOm 0000 vw|oo ©0 wHot-HD QOQ w| coo O O00WO® wWIOROO M
1 .D-J MmMooryi ROOCO <] MOOOO MOOOQO ¥ IMNOCOO OO0 .u 00 MO rloOOY 0000 .“ 00 MO HOOOY 000 ‘M 000 ©O MOXWO0O OYOOOf o
T B Y e A I T I W s sease sean e v e e aveea s R -]
v- <] o =] o © o o o o ]
ol 2 | 5 2 Q
m & 8 ° & o & & o & m < o ° m - ° ° m a el ° W
o e
© ol 8%er Foss| | 8fiar sPoos| [ 88u=e sPoss| || SudBd Loam Fosw| [of S558F Lo=mr Foz| |of Su5ES 8Slsx fefoES
— m

bCombustion-chamber conditions.



17

[Ccnmbustion-chamber pressure, 600 1b/sq in. abs.]
(a} Bquilibrium composition during isentropic expansion.

OZONE AND FLUCRINE WITH JP~-4 FUEL
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TABLE VI, - THEORETICAL ROCKET PERFCORMANCE AT VARIOUS PRESSURE RATIOS FOR MIXTURES OF LIQUID
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FOEL

{Combustion-chamber pressure, €00 lb/sq in. abs.]

{b) Frozen composition during isentroplc expansion.

THECRETICAL ROCKET PERFORMANCE AT VARIOUS FRESSURE RATIOS FCOR

MIXTURES OF LIQUID OZONE AND FLUCRINE WITH JP-4
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Specific impulse, I, lb-sec/1b

312 | T l
Fluorine-to-oxygen
atom ratio, B
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308 /c’—>
’/ \\ =5 \
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Figure 1. - Theoretical equilibrium specific
impulse of JP-4 fuel with liquid-ozone -
liquid-fluorine mixtures. Data calculsted
by means of equation (2). Combustion-
chamber pressure, 600 pounds per square inch
ebsolute; isentropic expension to 2 atmos-
pheres; pressure ratio, 20.41.
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Specific impulse, I, lb—sec/lb

NACA RM ES6K14

1 1 Y L 1 1 T ‘ L
Fuel Po/Pe Nozzle-exit
Pressure, P,,
- .. atm o 1
JP-4 plus 40.83 1. . =
n (05 + 58F5) i -
— — — P-4 plus 20.41 : =
2 -
| a(0z ""2‘55‘2) e <
— = — JP-4 plus 20.41 2 (Corrected from
a(0p + gFp) ref. 1 date for
340 [ . ‘P = 300 1b/sq in. 1
‘ebs and P, = 1 atm)
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Figure 2. - Theoretical specific impulsé of JP-4 fuel with
liquid-ozone - liquid-fluorine mixtureg and with liquid-
oxygen - liquid-fluorine mixtures at equivalence ratIds for
which equilibrium specific lmpulse is maximm. Isenfropic
expanelon from 600 pounds per square inch abgolute fo
pressure ratio indicated sssuming equilibrium composition.
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Specific impulse, I, 1b-sec/lb
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Figure 3. - Theoretical specific impulse plotted mgainst
logarithm of mozzle presswre ratio for JP-4 fuel with
liquid-ozone - liquid-fluorine mixtures at equivalence
ratio of 1.508. Isentropic expansion from combustion-
chamber pressure of 600 pounds per squere inch sbsolute.
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Temperature, T, °k
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Figure 4. - Theoretical nozzle-exit temperature plotted against

NACA RM

E56K14

logerithm of mnozzle pressure ratilo for JP-4 fuel With liquid-
ozone ~ liquid-fluorine mixtures at equivelence ratio of 1.508.
Isentropic expansion from combustion-chember pressure of 600
pounds per square inch absolute. .
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